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Description 
Ultrasonic Image Enhancement 

Technical Field 

This invention relates to an ultrasonic 
5 image enhancement method, to diagnostic techniques 
and to treatment methods which are closely related 
thereto . 

Background Art 

Contrast agents are often employed 
10 medically to accentuate subtle differences between 
two structures in X-ray radiographic images. In 
X-ray diagnosis, for example, a radioopaque dye is 
rountinely injected into an arterial bed to delineate 
the existing vasculature which otherwise could not be 
IS detected. Present ultrasonic diagnosis generally 
faces similar problems. The ultrasohographer has 
comparable difficulty in detecting certain 
structures, for example septal defects in small 
children, but no effective ultrasonic contrast 
20 agent has been available. . An acceptable ultrasonic 
contrast agent which can be delivered into the blood 
stream therefore is greatly needed. A selective 
agent, i.e., one which can selectively emphasize 
particular parts of the vasculature (such as that 
25 of a tumor) , would be especially valuable. 

Measurement of cardiac output and other 
quantitative blood flow measurements are needed to 
monitor the health of many patients. Existing non- 
invasive measurement techniques are indirect 
30 and only approximate. Existing reliable and accurate 
measurement technique^ involv catheterization, a 
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difficult and hazardous procedure. Further, the 
prior art does not yield- a measurement of 
instantaneous blood flow, but only an average value 
thereof. An accurate non-invasive method for 
5 measurement of cardiac output and blood flow in 
general is greatly needed. 

Feigenbaum, et al, Circulation, Volume XLI, 
April 1970, report "Identification of Ultrasound 
Echoes From the Left Ventricle of the Heart. Through 
10 the Use of Injections of Zndocyanine Green" noted 
that injections of the indocyanine green produced 
a cloud of echoes that filled the left ventricle 
cavity. They speculated that this -phenomenon might 
be due to the fetation of tiny bubbles of air 
15 suspended in -the dye. Gramiak, et al, Radiology 
100:415, 1971 report similar effects. 

Although some echoing has been noted and 
presumed to be caused by microbubbles in the blood 
stream, the hypothesis that the microbubbles cause 
the echoing has never been conclusively proven. 
Further, the prior results in this area have been 
on a hit-or-miss basis, in that the bubbles 
introduced into the blood .stream, if indeed they were 
bubbles, have been of generally uncontrollable and 
25 unstable size and concentration. 

Still further, when the- bubbles are simply 
air bubbles, they have a serious and deleterious 
tendency to stick to the vessel and cardiac walls and 
to coalesce and form larger bubbles. Hence, it has 
not been possible to introduce bubbles that are of 
relatively uniform size into blood vessels, which 
bubbles resist coalescence, flow freely with the 
blood and remain of a relatively uniform size as th y 
dissolve. Thus, diagnostic t chniques which might 
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depend upon having freely flowing microbubbles of a 
controlled size -in the blood stream, and in a 
controlled amount, have not been developed and do not 
form a part of the ultrasonic dianostic art. 
5 The production, of freely flowing 

microbubbles of a controlled size and their injection 
into the blood stream for different diagnostic 
techniques is known. The present inventors, in a 
report entitled "Non-Invasive Assessment of Pulmonary 
10 Hypertension Using The Bubble Ultrasonic Resonance 
Pressure (BURP) Method" (Report Mo. HR-62917-1A) , 
April, 1977 sponsored by the Division of Lung 
Diseases, National Heart, Lung and 'Blood Institute, 
report on the production and the attempt to use 
15 such bubbles for non-invasively measuring pulmonary j 
artery blood pressure by sensing bubble ultrasonic ■ 
resonance. Basically, microbubbles are injected 
into a peripheral vein and their ultrasonic resonance, 
re-emission frequency is measured as they pass 
20 through the pulmonary artery. The re-emission 
resonance frequency (about 102 kHz or less) is 
determined by applying an ultrasonic probe to the 
chest of the subject. The bubbles are excited by 
transmission of continuous* ultrasonic radiation (of 
25 about 100kHz) into the body. The microbubbles are 
not, however, utilized by the prior art for enhancing 
ultrasonic images. That is, they are not used at 
mega-Hertz frequencies, e.g., 1 to 10 mega-Hertz, 
and are not used via applying short' ultrasonic pulses 
30 and detecting timed echoes therefrom as with 

ultrasonic echograms, or via applying continuous 
waves and examining the chang s in transmission 
characteristics as with xisting ultrasonic 
hologr aphid units. 


WO 80/02365 


PCT/US80/00302 


-4- 


It would be desirable to provide a 
method of cbntrollably and uniformly enhancing 
ultrasonic images of the blood stream of a living 
subject. Such a method could be utilized, for 
5 example, for detecting tumors and other abnormalities, 
for measuring instantaneous cardiac output and flow 
velocities in other vessels, for delivering gaseous 
therapeutic agents selectively to tumors or other 
tissues, and the like. 

10 Disclosure of Invention 

The present invention is' directed toward 
overcoming one or more of the shortcomings of the 
prior art as set forth above. 

According to the present invention, a ' 
IS method is' set out for enhancing ultrasonic images ? 
of the blood stream of a patient. The method 
comprises flowing a plurality of microbubbles , each ; 
having a surface membrane encapsulating a gas of a 
selected composition, the membrane including a 
20 multiplicity of non-toxic and non-antigenic organic 
molecules, the microbubbles each having a diameter 
of no more than about 300 .microns and no less than 
about 0.5 microns, in the blood stream; obtaining 
ultrasonic images of the blood stream opposite 
25 a position therein through which the microbubbles 
are flowing, thereby rendering the blood-carrying 
vessel visible by virtue of the increased contrast 
of the bloodstream from the surrounding tissue, and 
permitting detection of abnormalities in configuration 
30 or function of the vessel. 

In another sense, the invention comprises 
a method of measuring instantaneous flow in blood 
vessels including cardiac output. The method 
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omprises injecting a substance into a blood stream 
of a test subject; the substance providing an 
ensemble of microbubbles ; measuring the instantaneous 
. . velocities of the microbubbles at a location in the 
5. blood stream by substantially simultaneously 
measuring the time dependent positions of the 
ensemble of microbubbles across the diameter of the 
vessel at said location; and determining therefrom 
the substantially instantaneous volumetric flow rate 
lb at the location in the blood stream. 

Xn still another sense, the invention 
relates to a method of detecting tumors in a living 
subject. The method comprises injecting a substance 
into a / blood stream of the subj-ect, the substance 
15 providing a plurality of controlled size microbubbles < 
in the blood stream; obtaining an ultrasonic image ^ 
of the bubbles; and examining the image for evidences \ 
of neovascularization, with or without a necrotic 
core, indicative of a possible tumor. 
20 Still further, in another embodiment of the 

invention, a method is provided of delivering a 
gaseous therapeutic agent selectively to tumorous . 
tissue. The method comprises injecting such 
microbubbles as have been previously discussed, 
25 wherein the gas therein comprises a therapeutic agent. 
In yet another sense, the invention 
comprises a method of measuring the afferent 
vascularity of a certain tissue mass. The method 
comprises injecting or infusing a substance providing 
30 a plurality of precision microbubbles. The bubble 
diameter is preselected for the dimension of concern. 
The microbubbles flow into the general area for 
ultrasonic examination and lodge at "a bifurcation 
wh s discharge branches are all smaller than the 
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bubble. The ultrasonic images thereby show areas 
of similar bifurcation sizes. As the bubbles 
dissolve, they become free and flow downstream and 
lodge at another bifurcation. Coupled with 
5 knowledge of bubble dissolving rates, time-sequenced 
images can delineate the afferent vascularity of the 
test section. 

To summarize, the present invention 
concerns an injectable stable dispersion of 

10 microbubbles of precisely controllable size and 

guantity for use as an effective and safe agent for 
ultrasonic imaging, and for direct' non-invasive 
measurement of cardiac output and blood flow in 
general. The sire control is important in that it 

IS adds a dimension of diagnostic uses not available 
with X-ray contrast agents. The invention also 
concerns delivery of a gaseous therapeutic agent 
selectively, to tumorous tissue. 

Best Mode For Carrying Out The invn-Mrm 
20 accordance with the present invention 

ultrasonic images of a blood stream of a subject are 
enhanced. Either via catheterization injection or 
through hypodermic injection; a plurality of 
microbubbles of a very particular nature are inserted 
25 into the blood stream of the test subject. The 

microbubbles must each have a surface membrane which 
encapsulates a gas of a selected composition. 

The structure of the membrane is of 
extreme importance. It should be selected to reduce 
30 coalescence and must include a multiplicity of non- 
toxic and non-antigenic mol cules. Gelatin is 
particularly preferred as the membrane material. Th 
organic molecules wfcich form a g latin membran are 
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25 


believed to have both a hydrophilic portion and a 
hydrophobic portion. When .the membrane-covered 
microbubbles are in the blood stream, the hydrophilic 
portions are believed to be aligned radially 
5 outwardly or away from the centers of the respective 
microbubbles. As a result, the microbubbles tend to 
repel one another thus significantly reducing the 
tendency of the microbubbles to coalesce with one 
another and form larger microbubbles. 
» Membranes other than gelatin and having 

resistance to coalescing, as well as non-toxic and 
non-antigenic properties, are also suitable whether 
the resistance to coalescing is due to the presence 
of such hydrophilic and hydrophobic portions, to 
IS particularly strung membranes, or whatever. This I 
resistance to coalescing is important in ensuring 
that the sizes of the microbubbles in the blood 
stream are substantially the same for microbubbles 
which are originally of the same size and have been ' 
in the blood stream an equal length of time. With 
time, of course, the gas or g*ses contained within 
the membranes will dissolve into the blood stream 
and the microbubbles will.be gradually reduced in 
size until they disappear.* 

It is essential that the organic molecules . 
which form the membrane be non-toxic and non- 
antigenic, since it is clear that either a toxic 
or antigenic reaction within the blood stream is 
highly undesirable. 

With respect to the gas within the 
membrane, for straightforward ultrasonic image 
enhancement, a chemically inert and soa what slowly 
dissolving gas such as nitrogen or one of th slower 
dissolving n&ble gases is very suitable. Howev r, 


20 


WO 80/02365 


PCTAJS80/00502 


-8- 


in certain instances it may be desirable to utilize 
a gas which, is far from inert. For example, it may 
be desirable to utilize a gas within the bubble, 
which is toxic to tissue, if the bubble is designed 
5 to be absorbed by tumorous tissue but to not be 
absorbed by the normal tissue of the blood stream. 
In other instances, it may be desirable to employ 
a gas which dissolves in blood quickly, such as 
carbon dioxide. 

10 Another important result of utilizing 

microbubbles having the particular membrane described 
above is that they will have a reduced tendency to " 
stick to the walls of the blood vessel, particularly 
the walls of normal blood vessels. With tumorous . 
IS tissue, the walls of the blood vessels are 1 
considerably rougher and otherwise abnormal, thus 
providing a more ready accepting surface for holding 
such microbubbles, even with their reduced tendency ■ 
to stick to normal blood vessel walls. 
20 tt * si *« of such microbubbles is also 

important. Generally they will be, at most, about 
300 microns, and at least about 0.5 micron, in 
diameter. More preferably, the microbubbles will have 
a diameter below about 150- microns and above about 
25 1.0 micron. In some instances, all of the micro- 
bubbles injected will be of about the same size so 
that they congregate in a particular area of the 
body or in a particular type or size of blood vessel. 
Microbubbles between 5 and 10 microns are particularly 
useful in that they can pass through normal 
capillaries. 

Such microbubbles as have just been 
describ d are produced by gradually flowing a gas 
through a small orifice, for xampl through a 
capillary tube, and into a liquid. A force is 
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generally exerted upon the microbubble being formed 
at the orifice, vith the force being sufficient to 
remove the microbubble prior to. its attaining the 
full size it would attatin In the absence of such 
5 force. For example, the orifice may lie generally 
la a vertical plane (the capillary may be horizontal) 
and the force may simply comprise the buoyancy of the 
microbubble in the liquid and the surface tension 
attachment to the orifice. Alternately, and 
1* preferably, the orifice may lie in any orientation 
with flow past the orifice, and the force consists 
of fluid drag on the bubble and the surface tension 
force. In both situations the microbubbles may flow 
into a storage container such as a hypodermic syringe. 
IS The aforementioned report "Non-Invasive Assessment j 
of Pulmonary Hypertension Using The Bubble Ultrasonic, 
Resonance Pressure (BURP) Method" describes ! 
production of such microbubbles in more detail. 

Other methods of producing the described 
20 microbubbles have been successfully employed. For 
example, microbubbles have been created by 
supersaturation of a liquid; air or liquid jet 
impingement upon a free, liquid surface; and addition 
of NaHC0 3 particles to a liquid. These latter 
25 methods permit production of large quantities of 

microbubbles but of a much broader spectrum of sizes 
than the highly uniform diameter of microbubbles 
produced by a submerged orifice. 

It is preferred that the microbubbles be 
formed and dispersed in a medium having a chemical 
composition substantially identical to that of the 
membrane. It is further preferred that the medium 
be gellable. As previously mentioned, a particularly 
preferred membrane material is g latin itself, because 
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it is well known to be non-toxic, non-antigenic and 
non-allergenic. - Utilizing a gellable medium allows 
the microbubble dispersion to be stored for extended 
periods of time by simply lowering the temperature 
5 of the medium sufficiently so that gelling occurs. 
In practice, the gelled microbubble dispersion is 
stored in hypodermic syringes. When needed, the 
gelatin is melted by warming the syringes, and the 
dispersion..J.s_injected into a blood vessel. The 
10 bulk of the gelatin dissolves in the blood, leaving 
the required gelatin stabilizing membrane around 
each microbubble. 

. As the microbubbles flow through the 
blood stream, ultrasonic images are obtained of the 
IS blood stream opposite a location therein through ' 
which the microbubbles are flowing. Host modern \ 
clinical ultrasonic units employ pulsed ultrasound 
to obtain images within the body. A short burst 
of ultrasound is emitted from the exciter/receiver 
20 transducer into the test media. Slight changes in 
acoustical impedance cause some reflection of the 
incident pulse train. The intensity of the reflection 
recieved by the transducer is a function of the 
difference between the acoustical impedance of the 
25 two media forming the interface. The time to acquire 
the return signal depends upon the distance travelled. 
Signal and video processing leads to an echogram of 
the test media, and the brightness of an interface 
depends upon the strength of the reflection. Use of 
the ultrasonic echogram technique along with a 
microbubble contrast medium is identical to that 
normally utiliz d. That is, n variations in the 
ultrasonic imaging device its If ar n cessary. • 
It'sh uld be. noted that the particular 
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size of the microbubbles may be optimized in relation 
to the frequency of the ultrasound being utilized 
to obtain the image. That is, for a highly 
reflecting dispersion, the size of the microbubbles 
5 can be chosen so that they resonate at the particular 
ultrasonic frequency utilized, although at the most 
used imaging frequencies, 2 to 10 mHz, this may 
require microbubbles having very small (1 to 5 micron) 
diameters. The reflection power of the bubbles at 
15 resonance can be more than 100 times that at non- 
resonance frequencies. 

Instantaneous cardiac output can be 
measured utilizing microbubbles injected into the 
blood stream. The blood flow velocity distribution 
15 in a blood vessel or heart chamber can be 

quantitatively determined by the use of injected 
microbubbles, provided that the bubbles which reach 
the observed location are of suitable number and 
size for discrete and accurate measurement of their 
20 position in the ultrasonic image. The velocity 
distribution is obtainable by either one of two 
methods. The first method is to observe the local 
displacement of the bubbles throughout the vessel or 

• • • 

chamber over a short increment of time. This is 
25 conveniently accomplished in the usual ultrasonic 
image by measuring the bubble "streak length", i.e., 
the change in position of each bubble between 
successive ultrasonic scans. The second method is 
to detect the Doppler shift frequency from the 
30 backscattered signal from each bubble. A three- 
dimensional velocity field can be determined 
stereoscopically using images from different aspects 
(angl s). Such instantaneous distributi ns can reveal 
the pr sence and •quantitative severity of flow 
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efferent (venous) vasculature. 
Example • * • 

The following example, illustrates the use 
of microbubbles as ultrasonic contrast agents. 
5 Nitrogen microbubbles (38, 80 and 140 

microns in diameter) dispersed in gelatin, were 
injected via a catheter into test subjects. Static 
(5mHx transducer) and real time (7.5mHz transducer) 
images were recorded on Polaroid film and on 
10 videotape. Rabbits with unilateral thigh V2 

carcinomas were used in the in. vivo studies. Base- 
line ultrasound images of normal muscle and V2 
carcinoma were obtained. Five milliliter syringes 
containing a gelatin dispersion of 80 micron nitrogen 
IS microbubbles were warmed and injected through a 
catheter placed in the V2 ipsilateral iliac artery 
via the right carotid artery. Static and real 
images of normal muscle, blood vessels, and the V2 
carcinoma, which was located by palpation, were 
20 recorded for at least 2 minutes following each 

injection. The gelatin-encapsulated nitrogen bubbles 
were also readily demonstrated in an in vitro 
phantom. The 80 and 140 micron bubbles were more 
echogenic that the 38 micron "bubbles , although this 
25 may be a result of the instrumentation and geometry 
of the test. In vivo, the 80 micron microbubbles 
could be identified for several minutes after the 
initial bolus of bubbles. The central anechoic 
portions of the V2 carcinoma did not become echogenic 
»0 following injection of microbubbles but the periphery 
of the tumor became increasingly echogenic. The 
gelatin-encapsulated nitrogen microbubbles ar thus 
demonstrated as being an effective ultrasonic 
c ntrast agent. The ultrasonic tumor rim enhancement 


WO 80/02365 


pct/usso/ooso 


-14- 

about a necotic core was found to be a useful 
diagnostic observation. . 

The tumor detection technique just 
discussed and exemplified can be modified to serve 
5 as a tumor treatment technique. That is, the gas 
encapsulated within the 'membrane can be changed to 
one which will deliver radioactive or chemotherapeutic 
agents to the tumor neovascularization. It is noted 
that such is in conformance with the exemplified 
10 concentrating of. microbubbles in the neovascularized 
tumor tissue and with the selectively large 
dissolution rat» of the bubbles in the capillary bed. 

Industrial Applicability 

Tb& aforementioned and described methods 

15 are useful diagnostically for a number of purposes, 
including but not limited to the detection of 
cardiovascular abnormalities and tumors in living 
beings, and the selective local delivery of 
therapeutic agents. Still further, the method is 

20 useful in providing a direct and non-invasive 

measurement of instantaneous cardiac output and blood 
flow in general, whereas it was previously not 
possible to make such an instantaneous measurement, 
out rather only to measure average cardiac output 
25 or blood flow by invasive or indirect procedures. 

Other aspects, objects, and advantages of 
this invention can be obtained from a study of the 
drawings, disclosure and the appended claims. 
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Claims 

1* A method of enhancing ultrasonic 
imaging in a flowing stream, comprising: 

injecting a plurality of microbubbles into 
5 said stream, each of said microbubbles having a 

coalescence resistant surface membrane encapsulating 
a gas of a selected composition, said membrane 
including a multiplicity of non-toxic and non-antigenic 
organic molecules, said microbubbles having a 
10 diameter of no more than about 300 microns and no 
less than about 0.5 micron; and 

Obtaining ultrasonic images of said stream 
opposite a position therein through which said 
microbubbles are flowing. 

15 2m A method as in claim 1, wherein said 

stream is a blood stream of a test subject. 

3. A method as in claim 1, wherein said 
molecules have a hydrophilic portion and a hydrophobic 
portion and said hydrophilic portions are aligned 

20 radially away from a center of a respective 
microbubble. " ; 

4. A method as in claim 1, wherein said 
membrane is of a gelable conposition, 

5. A method as in claim 4, wherein said 
25 gelable composition is gelatin. 
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6. A method of detecting tumors in a 
living subject, 'comprising :■' 

injecting a substance into a blood stream 
of said test subject, said substance providing a 
5 plurality of microbubbles in said blood stream; 

obtaining an ultrasonic image of said 
bubbles; and 

examining said image for evidence of 
neovascularization indicative of a possible tumor. 

10 7. A method as in claim 6, wherein said 

substance comprises a plurality of microbubbles each 
having a surface membrane encapsulating a gas of a 
selected caxscsi-tion, said membrane including a 
multiplicity of non-toxic and non-antigenic organic 

15 molecules. 

8. A method as' in claim 7, wherein said 
molecules have a hydrophilic portion and a hydrophobic 
portion, said hydrophilic portions being aligned 
radially away from a center of each respective 

20 bubble, said microbubbles are of generally a uniform 
size and of a diameter of .no more than about 300 
microns and no less than about 0.5 micron. 

9. A method as in claim 7, wherein said 
membrane is of a gelable composition. 

25 10. A method as in claim 7, wherein said 

membrane comprises gelatin. 
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11. A method of delivering a gaseous 
therapeutic agent* selectively to tumorous tissue, 
comprising: 

injecting a plurality of xnicrobubbles into 
5 a blood streaa of a living subject, each aicrobubble 
having a surface membrane encapsulating a gas of a 
selected composition, said membrane including a 
multiplicity of non-toxic and non-antigenic organic 
. nolecules, said microbubbles having a diameter of no 
10 more than about 300 microns and no less than about 
0.5 mieron, said gas comprising a therapeutic agent. 

12. A method as in claim 11, wherein said 
microbubbles are of generally a uniform size. 

13. A method as in claim 12, wherein said 
15 molecules have a hydrophilic portion and a 

hydrophobic portion, said hydrophilic portions being 
aligned radially away from a center of each respective 
bubble, said microbubbles being of generally a 
uniform size. 

20 .14. A method- as. in claim 12, wherein said 

membrane Is of a gelable composition. 

15. A method as in claim 12, wherein said 
membrane comprises gelatin. 
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16. A method of measuring instantaneous 
blood flow rate, comprising: 

injecting a substance into the blood 
stream of a test subject, said substance providing 
a plurality of microbubbles in said blood stream, 
said microbubbles having a diameter of no more than 
about 300 microns and no less than about 0.5 micron; 

measuring the velocities of said . 
microbubbles opposite a. location in said blood stream; 

substantially simultaneously measuring the 
positions of said microbubbles opposite said 
location; and 

determinating, the substantially instantaneous 
volumetric flew rate at said location from said 
15 measurements . 

17. A method as in claim 16, wherein said 
substance comprises a plurality of microbubbles, 
each having a surface membrane encapsulating a gas of 
a selected composition, said membrane including a 
multiplicity of non-toxic and non-antigenic organic 
molecules. 

18. A method as in claim 17, wherein said 
organic molecules have a hydrophilic portion and a 
hydrophobic portion, said hydrophilic portions being 
aligned radially away from a center of each respective 
microbubble. 

19. A method as in claim 17, wherein said 
microbubbles are of generally a uniform size. 

20. A method .as in claim 17, wher in said 
30 membran is f a g labl composition. 
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9 21. A method as la claim 17, wherein said 
gelable composition is gelatin. 

22. A method of mapping the vascularity 
of a tissue mass, comprising: 
S injecting a plurality of microbubbles, 

substantially all of which fall in a selected narrow 
size range, into a blood stream of a test subject, . 
- each of said microbubbles having a coalescing 

resistant surface membrane encapsulating a gas of -a 
10 selected composition, said membrane including a 

multiplicity of non-toxic and non-antigenic organic 
molecules, said molecules having a dlanwter of 
between about 0.S micron and 300 microns; " 

obtaining an ultrasonic image of the tissue 
15 mass soon after the microbubbles have flowed thereto 
and lodged at a first bifurcation of a first 
vascular size corresponding to that of the injected 
microbubble size range; and 

obtaining an additional ultrasonic image of 
20 the tissue mass after a selected period of time 
during which the microbubbles have generally 
uniformly shrunk, due to dissolution thereof, to a 
known, reduced size, have flowed past said first 
bifurcation, and have lodged at a second bifurcation 
of: a second vascular sire corresponding to that of 
the reduced size microbubble size range. 

23. A method as in claim 22, wherein said 
organic molecules have a hydropbilic porti n and a 
hydroph bic porti n, said hydr philic portions being 
aligned radially away f r m a center of each 
respective microbubble. • 
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24. A method as in claim 22, wherein said 
membrane is of « gelable. composition. 

25. A method as in claia 24, wherein said 
gelable composition is gelatin. 

5 26 • A Mthod of detecting tumorous tissue 

in a living subject, comprising: 

injecting a substance into an afferent 
vasculature of said test subject upstream of a 
possible tumor, said substance providing a plurality 
10 of microbubbles in said blood stream of a diameter 
too large to pass through normal capillaries but 
snail enough to pass through tumorous capillaries; 
and 
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obtaining an ultrasonic image of a 
corresponding efferent vasculature downstream of 
said possible tumor and noting if such microbubbles 
are present. . 
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